The effect of fluctuations on the Peierls transition in quasi-one-dimensional systems is investigated within a renormalizecl random phase approximation in the half-filled tight-binding model. The fluctuations are divided into two parts; thermal fluctuations and zero point fluctuations. It is shown that the effect of the thermal fluctuations is always dominant even if the transition temperature is extremely low.
§I. Introduction
The effect of fluctuations on the Peierls transition m strictly one-dimensional systems has been investigated by many authors above and below the Peierls transition temperature TP. n." Suzumura and Kurihara 3 J and the present authors 4 J have recently studied this problem in a renormalized random phase approximation (RRPA). We have concluded that the Peierls transition does not occur in one-dimensional systems, because zero point fluctuations break clown the Peierls transition. 1 J On the other hand the effect of fluctuations in quasi-one-dimensional systems also has been investigatecl. 5 J~sJ In the present paper we study this problem above TP in RRP A. We divide fluctuations into thermal and zero-point fluctuations and investigate which fluctuation becomes dominant when the magnitude d of electron hopping integral between linear chains changes.
Our theory includes electron-electron, ion-ion and electron-ion interactions in a half-filled tight-binding model. On the assumptions that the coupling strength of the electron-ion interaction is constant and phonon dispersions come only from renormalized phonon polarization parts, we can show that thermal fluctuations are dominant even if the transition temperature is extremely low. With respect to the case that the above assumptions do not hold, that is, the Coulomb interaction contributes dominantly to phonon dispersions, we shall investigate in the next paper.
When d tends to zero, TP becomes zero, but as far as d is finite, there n Part of this work was clone during the authors' stay at the Research Institute for Fundamental Physics, Kyoto University. exists a finite transition temperature.
In § 2 we introduce electron and phonon Green's functions in RRPA including Umklapp processes. The dynamical dielectric function is obtained. In § 3 the electron Green's function is obtained and the single particle properties are discussed. Then we calculate a bubble diagram consisting of one-electron and one-hole Green's functions and examine the behavior of the bubble diagram with small wavenumber and small frequency. In § 4 by the use of the above results we obtain the phonon spectrum near the Peierls temperature. In § 5 we investigate the self-consistent 
In the above equations, N is the number of ions, M the mass of an ion, eq" the 
where G' 01 (k, illl11 ) is the free electron Green's function, D/ 01 (q, i("J the free phonon Green's function, and they are given by
The quantities ~(k, i(J)71) and II1 (q, i(m) are the electron self-energy and the phonon self-energy, respectively. We shall calculate the self-energy parts in a renormalized ranclom phase approximation (RRPA), which is given by replacing the free electron Green's functions in the bubble cliagram in the random phase approximation with the renormalized Green's functions. 91 In RRPA ~(k, i(J)71) and II,(q, i(m) are expressed as follows: (12) 
and the expressions for .S(k, iwn) and II,(q, i(m) become If we take Q= (njb, (24) Near the Peierls transition temperature TP, the phonon frequency at q = Q IS expected to become very small, so that the second term on the right-hand side of Eq. (21) becomes dominant and the first term may be neglected. In the summation of the second term, the factors other than D, change very little near q~Q and t:.m~O, and we can make the following approximation: 
2 (iwn-sk)
from which the spectral density is obtained as
The behavior of the spectral density (see Fig. 4 ) indicates that the electron Green's function above the transition temperature has some resemblance to the character in the ordered phase because of the effect of the fluctuations. 
for luJI>2LJ, ·where N(O) is the density of states on the Fermi surface for the free electron system and K (k) and E (k) are the complete elliptic integrals of the first kind and the second kind, respectively. From Eq. (29), p(w) can be expressed approximately as Lee, Rice and Anderson 2 l also have shown phenomenologically that the density of states has the pseudo-gap at temperatures below half the transition temperature, assuming the phonon Green's function to be a Lorentzian structure factor. On the other hand Rice and Strassler 5 l have derived similar results, taking explicitly account of the interchain coupling through the soft-phonon frequency. Here we have succeeded in deriving the pseudo-gap microscopically. In their vvorks, however, the density of states remains finite on the Fermi surface and is proportional to ~-\ >vhere ~ is the coherent length, while in our treatment the density of states always vanishes on the Fermi surface: This results from the approximation in Eq. (25) that electron with wavenumber k couples only with electron with wavenumber k-Q. Comparing our results with theirs, we find that our treatment is appropriate for vF~-1 4;:_T, which is satisfied in a certain region near the transition temperature.
We turn to the calculation of the bubble diagram. In order to calculate P(Q+q, 0) given by Eq. (18) we put ck-q =ck +2?7,
In the following calculation, the dominant contribution of the k summation comes from the region near the Fermi surface, so that we can neglect k, dependence of ?J. Inserting the expression (27) for G, and using Eq. (31) the following expression for P is obtained: 
where ( (3) is the (-function. We have neglected the higher order terms such as du/cF.
Considering that P ( Q + q, i(m) is in yariant with respect to the interchange between 2r; and (m, from Eqs. (38) and ( 40) we obtain
ii) The case .d~T
In this case we immediately obtain (43) which giyes 
where w'Q+q and II ( Q + q, Km) are given in Eqs. (2) and (22), respectively, as the summations over all reciprocal lattice vectors. Since the summands decrease rapidly as q + K increases, we retain only first two terms in the summation and neglect the other terms. Then t2 2 ( Q + q, Km) is written as
where Sq =q/ lql and a (q) = -J Nj Mq · SqU1 (q). Expanding t2 2 (Q+q, if:;m) in power senes of q and retaining terms up to second order, we obtain
tJ2 CQ, o) =2:; Q2(u~ + P~b"), The region of x corresponding to this case is given by 
The regwn of x 1s as follows:
To understand the features of the results obtained above, we put K1 =cF, K2 = 1/2 EF. Then the above results can be summarized as We have investigated the effect of fluctuations on the Peierls transition m quasi-one-dimensional systems in the renormalized random phase approximation which is given by replacing the free electron Green's function in bubble diagrams in the random phase approximation with the renormalized Green's function. It has shown that the electronic density of states has a pseudo-gap near the Fermi surface due to fluctuations and that the thermal fluctuations play a dominant role even if TP is extremely low. We shall discuss this in detail in the next paper.
